ABSTRACT: As part of the Palmer Long-Term Ecological Research (LTER) program, the size structure of the population of Antarctic krill found between Anvers and Adelaide Islands west of the Antarctic Peninsula has been analyzed for patterns in recruitment success. The data were from a series of 11 cruises, 1 in spring (November 1991) and 10 in summer (January 1993 to January 2002). A maximum-likelihood fitting procedure was used to fit a mixture of normal distributions to the length-density distributions derived from net data. The recruitment index was calculated as the proportion of age-class 1 krill of the total. Antarctic krill in the Palmer LTER region showed a pattern of episodic recruitment, with 2 strong year classes in succession followed by 3 or 4 moderate or poor year classes. The 2 strong year classes represented 85 to 90% of the krill caught for 5 or 6 yr, and as the absolute abundance of the year class declined due to mortality, so did the abundance of Antarctic krill in the region. The recruitment index was positively correlated with the absolute value of a seasonal El Niño/Southern Oscillation (ENSO) index, with strongest recruitment during the neutral or moderate periods of ENSO. The mechanism underlying the strong link between the recruitment index and ENSO is most likely the effects of seasonal sea-ice dynamics on both reproduction and winter-over survival of the resulting larvae as previously documented.
INTRODUCTION
Antarctic krill Euphausia superba are a key species in the functioning of the pelagic ecosystem of the Southern Ocean. Antarctic krill has roles both as a dominant macro-zooplankton grazer in some regions (Miller & Hampton 1989) and as an important prey item for many of the vertebrate predators (Laws 1985 , Everson 2000 . Variations in abundance and size distribution of populations of Antarctic krill therefore have implications outside those for the population dynamics of the species alone. Variations in krill abundance have been attributed to water mass shifts (Priddle et al. 1988) , to horizontal seasonal/ontogenetic migrations (Siegel 1988) , and to transport by large-scale ocean currents . Alternatively, patterns in abundance may be due to variation in recruitment processes if a significant proportion of the population is retained in the study region, as suggested by Ichii et al. (1998) and Lascara et al. (1999) . Thus recruitment of Antarctic krill is fundamental to our understanding of the ecology of the Southern Ocean.
Previous studies have clearly demonstrated that recruitment success in Antarctic krill is highly variable (Siegel & Loeb 1995 , Siegel et al. 1998 , Watkins 1999 , Siegel 2000a ), leading to significant interannual differences in the population structure and, potentially, abundance. Priddle et al. (1988) suggested that a failure in recruitment in 1 year could result in a 3-to 4-fold variation in the density of Euphausia superba and that recovery to initial densities might take several years of good recruitment. Based on the correlation of recruitment and seasonal sea-ice dynamics (Siegel & Loeb 1995) , and a warming trend in the Antarctic Peninsula , Loeb et al. (1997) speculated that a warming climate might alter the population dynamics of Antarctic krill and its availability to predators in the region. Variation in recruitment in long-lived marine species appears to be the rule and not the exception. In several time-series studies of fish, the population dynamics of the populations were largely driven by episodic recruitment. For rockfish populations off the coast of southern California (Mearns 1979) and anchovy in the Bay of Biscay (Allain et al. 2001) , 8-and 12-yr time-series studies documented the variability. For the black bream in SE Australia, the age structure documented in a 4-yr study suggested that episodic recruitment had been the norm for at least 15 yr (Morison et al. 1998) . Although documentation of episodic recruitment in marine crustaceans is not common, Dayton (1989) showed that an Antarctic sponge had several years of near-zero recruitment that were followed by years of extremely high recruitment. E. superba is a long-lived crustacean, estimated to live from 5 to 8 yr in the environment (Siegel 2000b , Nicol 2000 , and capable of rematuration. E. superba may reproduce in its third summer (CuzinRoudy 1987a ,b, Siegel & Loeb 1994 ), but usually does not reproduce until its fourth summer west of the Antarctic Peninsula . Depending on food conditions, an individual may reproduce each subsequent summer or delay reproduction , Quetin & Ross 2001 . Long life, large size and multiple spawning seasons are life-history characteristics of a K-selected species that are shared by Antarctic krill (Siegel 1988) and that allow a sequence of failures followed by successes in recruitment to sustain the population.
The life cycle begins in September (early spring), when the ovary begins to develop, with spawning west of the Antarctic Peninsula in summer (mid-December through March). Antarctic krill rely on springtime primary production (ice-associated and open-water primary production) to fuel ovarian development, not stored reserves (Ross & Quetin 1986 , 2000 , Nicol et al. 1995 , Hagen et al. 1996 , Quetin & Ross 2001 . Antarctic krill are multiple spawners, with reproducing females bringing several batches of eggs to maturity in 1 cycle, and are capable of repeating the ovarian maturation cycle if food conditions are adequate (Ross & Quetin 1983 , 1986 , Cuzin-Roudy 1987a ,b, 2000 , CuzinRoudy & Labat 1992 , Quetin & Ross 2001 . In the Palmer Long-Term Ecological Research (LTER) study region west of the Antarctic Peninsula, interannual variability in intensity of reproduction has been over 10-fold (Quetin & Ross 2001) . Such variability leads to wide fluctuations in 'recruitment potential' or the number of potential recruits entering the ecosystem in the summer, as was observed early in the 1980s by Brinton et al. (1986 Brinton et al. ( , 1987 . Larval development is long and complex, lasting throughout the first winter of life. Larval survival in the first year of life is the second factor in recruitment success or failure. Of the 2 periods when food availability appears to be critical for larval survival (Ross & Quetin 1991) , the first is when larvae metamorphose to the first feeding stage (Ross & Quetin 1989) . The second is the first winter, when food availability in the water column is low, and larvae may need to utilize food sources other than the microbial community in the water column (Ross & Quetin 1991) .
The concept that recruitment success in Antarctic krill is linked to sea ice has been in existence for over a decade (Smetacek et al. 1990 ). Several lines of evidence supported the linkage. First, in winter SCUBA divers observed larvae closely coupled to the underside of the sea ice and feeding on ice surfaces (Guzman 1983 , Spiridonov et al. 1985 , Kottmeier & Sullivan 1987 , O'Brien 1987 , Marschall 1988 . Second, larvae from ice-covered waters were in better physiological condition than those from open water (Ross & Quetin 1991) . Subsequent studies have confirmed that in winter larval krill usually inhabit the underside of the ice and the water column immediately below the ice (Melnikov & Spiridonov 1996 , Frazer et al. 2002 . Siegel & Loeb (1995) used timeseries data (14 yr) to test the correlations between an index of recruitment success for Antarctic krill and seaice dynamics. In the northern Antarctic Peninsula region, good recruitment was positively correlated with early spawning, the time of ice retreat, the duration of ice cover, and above-average spatial ice extent (Siegel & Loeb 1995) .
The time series for the Palmer LTER, sited west of the Antarctic Peninsula and about 450 km south of the long-term study site at the tip of the Antarctic Peninsula, was established in the 1991-1992 austral field season (Quetin & Ross 1992 , Smith et al. 1995 . One goal of the sampling regime was to document variability in both reproduction and recruitment in the population of Antarctic krill found in the continental shelf and slope region extending from Anvers to Adelaide Islands. Evidence at the time suggested that there were 1 or 2 gyres within this region that would tend to retain the population and minimize advective emigration and immigration (Stein 1988 , Stein & Heywood 1994 , Hofmann et al. 1996 . Data were collected to test 2 hypotheses relevant to krill population dynamics . The first hypothesis, about the effect of sea ice on reproduction, was tested with the time-series data on reproduction. Highest reproduction or 'recruitment potential' was associated with mean spring sea-ice conditions and high total annual primary production (Quetin & Ross 2001) , and not heavy winter sea ice as stated in the original hypothesis. The second hypothesis stated that winter-over survival of larvae, and thus recruitment success, would be highest after winters of heavy sea ice .
In this study, we used the size structure of the population of Antarctic krill sampled each January during the first 11 yr of the Palmer LTER to document variability in recruitment success as defined by the strength of the year class 12 mo after spawning. The question was whether there were cycles or trends in recruitment of krill. To date we have documented 2 cycles of recruitment, with 2 sequential strong year classes dominating the population for a 5 to 6 yr period until the next strong year class emerged. Various climate parameters in the Antarctic Peninsula region, including sea ice, have been linked to the El Niño/Southern Oscillation (ENSO) signal (Stammerjohn & Smith 1996 , Yuan & Martinson 2000 , Kwok & Comiso 2002 through the atmospheric teleconnection (Bjerknes 1969) between the east Pacific region of the Antarctic and the western-central tropical Pacific. The relationship of the episodic recruitment cycle found in the Palmer LTER study region to both the ENSO signal and to seasonal sea-ice parameters derived for the Palmer LTER region is described.
MATERIALS AND METHODS
Study area, cruise times and stations occupied. The Palmer LTER grid was first established with transect lines spaced 100 km apart alongshore and stations spaced 20 km apart from the coast to 200 km offshore (Waters & Smith 1992) . The first summer (JanuaryFebruary) cruise for the Palmer LTER was in 1993. The mesoscale grid occupied during that cruise has been surveyed each subsequent summer through the summer of 2002, creating a 10-yr time series. The summer study region was between Anvers and Adelaide Islands, and included the 200 to 600 transect lines (Fig. 1) , as ice and time prevented sampling on the inner shelf and to the south of the 500 transect line. Sampling was conducted from the MV 'Polar Duke' from 1991 through 1997 and with the ARSV 'Laurence M. Gould' from 1998 through 2002. Cruises are identified with year and month of start, e.g. '93Jan'. Not all 'standard' 46 stations were sampled on all cruises, due to weather, ice or scheduling issues (Table 1) .
Collection. Antarctic krill were usually collected with a 2 × 2 m fixed-frame net (~700 µm stretch mesh, 500 µm mesh cod end) towed obliquely between the surface and 120 m on January cruises and between the surface and ~250 m during 91Nov. The maximum depth of the tow was recorded with either a benthostime-depth recorder or a pressure sensor on the end of the tow cable. The standard depth of 120 m was chosen based on evidence that krill were seldom found below 120 m in the summer . The volume of water filtered was measured with a General Oceanics flowmeter in the center of the net frame. A 1 × 1 m fixed-frame net (335 µm mesh and cod end) was also towed at each station to a standard depth of 300 m. If krill were not caught in the 2 m net, krill from the 1 m net were measured for length-frequency data. For all 11 cruises, the contents of only four 1 m tows were used to supplement the 2 m net analysis. Standard tows were centered on Palmer LTER grid locations, and lasted for approximately 30 min at ship speeds of 2.0 to 2.5 knots (3.7 to 4.6 km h -1 ). Length-frequency analysis. Euphausia superba were measured fresh on board except for the austral spring cruise (91Nov), when total length was measured after preservation in 5% buffered formalin. Standard Length 1 (Mauchline 1980 ) of either all individuals or a random subsample of about 100 individual krill was measured. A length-frequency distribution (LFD) based on 1 mm length increments of the raw numbers from each tow was standardized with the proportion of the catch measured and the volume filtered to arrive at the number of krill per 1000 m 3 in each length increment, or the length-density distribution. Data from 91Nov and 1 m net tows were adjusted for the different maximum tow depth. Data from all standard stations sampled on the 200, 300, 400, 500, and 600 lines were combined for each cruise length-density distribution. Net tows that included zero densities for all length intervals were included in the analysis.
The maximum likelihood fitting procedure of de la Mare (1994), used in the program CMIX, was used to fit a mixture of normal distributions to the lengthdensity distributions derived from net data. Initial inspection of the length-density distributions (Fig. 2) showed a clear distinction between a mode of small krill about 1 yr old, generally less than 30 mm, and a mode of larger krill composed of all older age classes. Age Classes 5 and 6 were grouped as they were difficult to distinguish. In all cases we initially assumed that 5 age classes in varying numbers were present: Age Class 1 (AC1, krill hatched the previous summer), AC2, AC3, AC4 and AC5/6. In some years there appeared to be 2 modes for the AC1s, and we solved the length-density distributions for 6 mixture components. If the addition of 2 modes to the AC1s minimized the difference between the observed and expected total, we accepted 2 modes for the AC1s.
Output of the CMIX program included the total density and mean total length of each mixture component. The proportion of the AC1s of the total observed population was calculated as an index of recruitment success (R 1 ), as defined by de la Mare (1994) . Absolute recruitment success (RI 1 ) was the density of the 1 yr old krill (Siegel et al. 1998 ). For years with 2 modes of AC1, both modes were included. Year classes (YC) were identified as the summer of spawning. For the 2 year classes (YC1990 and YC1991) that dominated our catches in the early 1990s, the Palmer LTER did not have a January cruise the summer they were AC1s, i.e. January 1991 and January 1992 respectively. For these 2 year classes we estimated recruitment success from the proportion of the year class as AC0 (YC1991 in 91Nov), AC2 (YC1991 in 93Jan and YC1990 in 91Nov) and AC3 (YC1990 in 93Jan). The observed densities of that year class were divided by the observed densities of that year class plus all older year classes, i.e. R 2 = AC2/(AC2 + AC3 + AC4 + AC5&6).
Seasonal ENSO indexes were obtained from the World Wide Web page (http://www.cpc.ncep.noaa. gov/products/analysis_monitoring/ensocycle/soi.html) created by the National Centers for Environmental/ Climate Prediction (NCEP) and the United Kingdom Meteorological Office (UKMO). NCEP and UKMO used sea-surface temperature (SST) in the tropical Pacific between 150°W and the dateline to categorize each 3 mo season as neutral or as a strong, moderate or weak El Niño or La Niña. The seasons were January-March, April-June, July-September, and October-December. We assigned each category a ranking: 0 for neutral, 1 for weak, 2 for moderate and 3 for strong El Niño (+) or La Niña (-) periods. We summed the signed austral spring-summer-fall-winter rankings to categorize whether a particular year class was spawned and wintered during a strong, moderate or weak ENSO cycle. The maximum possible rank was ± 12.
RESULTS
The length-density distributions were arranged sequentially by year to illustrate the 2 cycles observed in recruitment over the last decade. Each cycle began with 2 sequential strong year classes, and was 5 to 6 yr long. AC1s dominated at the beginning of a cycle, as in 91Nov, 96Jan and 02Jan. For the first cycle, the first of the 2 strong year classes was YC1990, as inferred from estimates of R 2 and R 3 (0.95 and 0.99 respectively). High recruitment indices were also found for the subsequent YC1991: 0.936 and 0.931 as AC0s and AC2s. YC1990 and YC1991 were traced in the lengthdensity distributions as increasingly larger krill through the 96Jan cruise, and YC1995 and YC1996 were traced in the length-density distributions as increasingly larger krill through the 01Jan cruise (Fig. 2) . Each cycle ended when another dominant mode of AC1s entered after a series of years of moderate or small year classes. YC1992 and YC1998 (see the length-density distributions in 93Jan and 99Jan) were very small, and were classified as failures. In 02Jan the appearance of the strong YC2001 initiated the beginning of the third cycle.
High interannual variability was present in both R 1 and the density of AC1s or RI 1 (Fig. 3) . Highest recruit- 1991, 1995 and 1996, and 2001 . Recruitment indexes for YC1990 and YC1991 were plotted with a different symbol because the indexes were not derived from the standard January cruise. Since the area surveyed was significantly smaller than that of the summer cruises, and was biased toward inner shelf stations, the extremely high densities of YC1991 in November ( Fig. 2) were also not directly comparable to those from January cruises. Maximum densities of AC1s in January were near 100 individuals per 1000 m 3 . The pattern of abundance was the same as for R 1 , although the absolute abundance of YC1996 as AC1 was higher than that of YC1995, whereas the reverse was true of R 1 .
Thus the relative strengths of these 2 year classes depended on whether the parameter of interest was the recruitment index (R 1 , relative to the entire population) or RI 1 , the absolute number of new recruits.
For 3 of the years, including 2 modes in the AC1 mixture improved the fit (Fig. 2, Table 2 ). In these years young krill <18 mm were a high percentage of AC1s. The krill in the small mode had a mean total length between 16.7 and 19.7 mm, and krill in the larger of the 2 modes had a mean total length between 23.5 and 28.0 mm (Table 2) . When there was only 1 mode in the AC1 mixture component, the mean total length of AC1s ranged between 22 and 28 mm ( Table 2 ). In 2 of the years with double modes (1996 and 2002), AC1s were a large proportion of the population, indicating a strong year class hatched from the previous summer's spawning. The length-density distribution from 97Jan also appeared to have an abundant smaller mode around 22 mm, and a less abundant larger mode around 28 mm, but these 2 possible modes could not be resolved. The third year with a double mode (00Jan) of AC1s was a weak year class with a wide size range in AC1s.
The mean total length of the other mixture components also varied but only the year class of 1991 showed 2 distinct modes in older age classes. The total length of the AC2s in January was usually 31 to 33 mm, although 3 of the year classes had an average total length of about 36.5 mm as AC2s. The average length of the AC3s showed a somewhat different pattern. For all except YC1990 and YC1991, AC3s were between 40 and 43 mm. AC3s in YC1990 and YC1991 were slightly larger. The range in mean total length for the older age classes was broader, with AC4s ranging from 44.5 to 49.6 mm, and AC5/6s ranging from 50.5 to 59.0 mm. Although the small numbers of animals in the oldest age class makes the estimates of both total length and density less reliable, the largest krill only appeared in years when strong year classes were AC5s and AC6s.
To illustrate the dominance of the 2 sequential strong year classes in the population, we plotted the percentage of the total population in the 2 pairs of year classes (YC1990 and YC1991, YC1995 and YC1996) in January throughout the time series (Fig. 4) . The densities of each year class during sequential January cruises also illustrated the dominance of the pair of strong recruitment years (Table 3) . In several cases, the density of a year class in the second year of sampling (as AC2s) is higher than as AC1s, suggest- ing that regions inhabited predominately by AC1s may be under-sampled in our LTER grid or that the LTER region receives immigrants from the south. In Year 4 of the cycle, the pair of year classes still represented 85 to 90% of the total. The density of the total population in summer showed the impact of this episodic recruitment, varying by a factor of > 35 during a 5 to 6 yr time period. The highest average density in January (Fig. 4 ) occurred in the initial 2 yr of the cycle. Although we have no comparable estimates for population densities in 91Jan or 92Jan for the first cycle, the highest density would be predicted in Year 2 of the cycle, as shown by the YC1995-YC1996 pair. The length of the emerging krill recruitment cycle (5 to 6 yr) was slightly longer than that of the ENSO cycle (3 to 5 yr in recent decades), but less than the time taken for the Antarctic Circumpolar Wave to circle the Southern Ocean, 8 to 10 yr (White & Peterson 1996) . This eastward propagation around Antarctica of interannual anomalies in the ice fields was first documented by Murphy et al. (1995) . White & Peterson (1996) showed that sea ice was at a maximum in a particular region every 4 yr as a result of this phenomenon, which they termed the Antarctic Circumpolar Wave (ACW). The ACW has been linked to the ENSO cycle (White & Peterson 1996 , Yuan et al. 1996 , and its major source identified as the western subtropical South Pacific Ocean (Peterson & White 1998) .
The hypothesized mechanisms underlying variations in Antarctic krill recruitment involve the effects of sea ice on reproductive output and on larval survival in the winter. The well-established link between sea-ice dynamics, the ACW and ENSO suggested that we examine the relationship between krill recruitment in the LTER region and the ENSO cycle as an initial approach to understanding episodic recruitment in Antarctic krill. This possible link to ENSO was also supported by the fact that YC failures coincided with the prolonged El Niño of 1991/1993 (YC1992) and the strong El Niño of 1997/1998 (YC1998). The rationale was that a seasonal index of ENSO would summarize the atmospheric teleconnections between the tropical Pacific and the sea ice west of the Antarctic Peninsula during all times relevant to the life cycle of krill, i.e. spring through winter.
The correlation between the absolute value of the summed spring through winter ENSO rankings and the recruitment index was significant, with an r 2 of 0.77 for YC1992 through YC2001 (Fig. 5) . We did not include YC1991 because the R 1 was not directly comparable to those calculated from January data. This correlation suggested that recruitment success was higher during periods of neutral or weak El Niño/La Niña, and that the extremes of the ENSO cycle, whether cold or warm, were not associated with high recruitment success.
DISCUSSION

Gyre-enclosed population or transport
An inherent assumption in this study is that the recruitment pattern documented represents the response of a 'population' of Antarctic krill to environmental variability in the mesoscale region. Thus, not only immigration and emigration of the adult population, but also advective losses and gains to the population were minimal. The spatial scale of the Palmer LTER grid was in part based on our understanding of oceanic circulation in the region and of the spatial scales involved in the life cycle and population dynamics of Antarctic krill. At the inception of the Palmer LTER, the preponderance of the evidence suggested that there were 1 or 2 gyres within this region (Stein 1988 , Stein & Heywood 1994 , Hofmann et al. 1996 , which would tend to retain the population in the study region and minimize advective emigration and immigration. More recent research has confirmed that the large-scale circulation consists of a clockwise gyre overlying the shelf south of Anvers Island (Smith et al. 1999) . The seaward edge of the gyre is attached to the southern boundary of the Antarctic Circumpolar Current (ACC Boundary), which flows to the northeast inshore of the 2000 m isobath on the outer edge of the continental shelf. Shoreward, flow is to the south along the inner shelf. The shelf gyre encloses 2 intense smallscale sub-gyres separated at depths greater than 300 m by bottom topography, with exchanges possible in the upper 200 m, where krill live (Smith et al. 1999) .
Some investigators have suggested that Antarctic krill from west of the Antarctic Peninsula, the Scotia Sea and the Weddell Sea form a single population (Miller & Hampton 1989) . Either the Antarctic Peninsula or both the Antarctic Peninsula and northern Weddell Sea regions act as a source for the areas north and east , Murphy & Reid 2001 . In a modeling study utilizing historical data, Hofmann et al. (1998) demonstrated that krill would be transported from west of the Antarctic Peninsula to South Georgia on the correct timescales if they enter the rapid flows associated with frontal regions. Will this transport affect the area sampled? In the Palmer LTER region, most of the biomass and almost all AC1 krill occur on the middle and inner shelf , and they are not subject to the rapid flows in the frontal systems offshore. In the Palmer LTER study region, spawning female krill occur on the outer shelf and slope (Quetin & Ross 2001) . Thus a portion of the reproductive output may be transported to the northeast when the ACC Boundary intersects their distribution, and serve as a source of young krill at South Georgia 6 mo later. Several pieces of evidence suggest that this 'loss' is either highly variable or a small proportion of the total. First, in August and September 1993, larval krill distribution between Anvers and Adelaide Islands showed neither a latitudinal nor an on/offshore gradient (Frazer et al. 1997) , suggesting transport of embryos and larvae within the gyre system from the outer shelf and slope throughout the entire region. Second, the modes of each year class, generally decreasing in numbers as the krill get older, can be followed in Antarctic krill sampled in the Palmer LTER region, which supports the concept of a semi-enclosed population. Third, if the Antarctic Peninsula region was the source of krill around South Georgia, the trends in recruitment should be seen over much larger scales. However, Murphy et al. (1998) show that the recruitment patterns for the northern tip of the Antarctic Peninsula and South Georgia follow the same pattern in only 2 of the 7 years where data exist for both regions. Thus, the preponderance of the evidence suggests that in sampling the Palmer LTER grid we have captured the population dynamics signal of a selfsustaining population of Antarctic krill retained in a gyre system in the region between Anvers and Adelaide Islands (eastern Bellingshausen Sea). This conclusion does not preclude the possibility of a periodic large loss of embryos and larvae to the frontal system of the ACC Boundary and a degree of coherence between recruitment and biomass patterns between the Palmer LTER region and areas to the northeast. But it does suggest that subadults found in January are from spawning females in the Palmer LTER area the previous summer, and thus the patterns observed will be a function of the regional environment. The standardized sampling program (same stations, same time of year) was critical to avoid variability in population parameters due to geographical location or changes in proportions of habitat occupied by different sizes of krill (Bromley 1989 , Siegel 2000b , Siegel et al. 2002 . Both proportional and absolute recruitment indices will be affected by any bias in the sampling program. The potential biases arise if the known distribution patterns of Antarctic krill are not incorporated into the sampling scheme. In summer the distribution of size groups of krill is not homogeneous, either in the Palmer LTER region or elsewhere in the Southern Ocean (Siegel 2000b) . West of the Antarctic Peninsula, juveniles and subadults are generally on the inner shelf, and reproducing adults are on the outer shelf and slope (Siegel 1988 , 2000b , with abundance increasing from early spring to late summer (Siegel 1988) . By fall and winter, krill from the outer shelf have migrated inshore, and the population is concentrated inshore. Thus both time of sampling and the area sampled will impact recruitment indices. Siegel et al. (2002) show clearly that a larger versus a smaller survey area significantly impacts estimates of R 1 , and they suggested that krill recruitment in the Elephant Island region may have been underestimated throughout the 1990s. In this study, except in 1991, we minimized sampling bias by sampling at the same time of year and in an area inclusive of the inner shelf moving offshore to the slope, where few if any krill were found (Palmer LTER unpubl. data). As described below, we viewed the estimates from 91Nov with caution as the cruise was in spring, and annual sea ice restricted sampling to a limited study area. Thus we have tracked those year classes in other samples to verify the results. Also we have not included in this study length-frequency distributions of krill collected at stations from the Grandidier Channel and behind the Biscoe Islands, because those stations were not consistently occupied. Antarctic krill from those stations are generally AC1s and AC2s, and thus without those stations, R 1 and RI 1 may underestimate the strength of early year classes.
The data suggested that some immigration/emigration or incomplete sampling of the smallest krill occurred, and that R 1 was underestimated in some years. First, YC1992 was virtually absent except as AC3s, when they appeared in low numbers. More importantly, for both YC1995 and YC1996 AC2s were more dense than AC1s (Table 3) . Either we initially undersampled the AC1s or significant immigration of individuals belonging to those year classes occurred between their second and third summers. Immigration could come from either the south or the under-sampled region close to the continent. Any AC1s behind the Biscoe Islands and in the Grandidier Channel are predicted to move seaward into the sampling area in their third summer as a normal shift in distribution with maturation. If these krill represent a significant proportion of the population in the region, this ontogenetic shift may lead to an increase in the numbers of a year class found seaward of the islands.
Population cycles
The episodic recruitment documented for Antarctic krill in the Palmer LTER study region consisted of 2 strong year classes followed by 3 to 4 weak year classes (or failures) in each 5 to 6 yr period. The pattern for the time series for Antarctic krill at the tip of the Peninsula in the 1990s differs, however, with a high R 1 followed by 3 to 4 weak year classes (or failures) (Siegel et al. 2002) . The absolute recruitment index (RI 1 ) for the strong year classes in the 1990s was similar in the 2 regions, with a high RI 1 for both YC 1995 and YC1996. RI 1 ranged from 44 to 101 ind. per 1000 m 3 in the Palmer LTER region, and 60 to 131 ind. per 1000 m 3 in the Elephant Island area (Siegel et al. 2002) .
Around South Georgia, diet analyses of predators have been used to suggest patterns in recruitment, as shown by variability in the size of krill consumed (Reid & Arnould 1996 , Reid et al. 1999 . In a 7 yr study Reid et al. (1999) documented increasing size in Antarctic krill in the diet of Antarctic fur seals over a 3 to 4 yr period, from a minimum mean of ~39 mm to a maximum of ~48 mm, and then a repeat of the cycle. The change in size was attributed to changes in the krill population structure, i.e. the average total length of the prey available. We would expect to see such changes in the average length of prey taken in the Palmer LTER area, given the progression of 2 dominant year classes through the population, which results in an increasing mean size until the initiation of the next cycle. Reid et al. (1999) suggested the dominance (or lack) of Class 3 krill was the cause of this cycle in Antarctic fur seal diets at South Georgia and that the decrease in size resulted from a year-class failure, leading to a lack of Class 3 krill a year later. However, care should be taken in assuming that the 3 size classes represent age classes as the size range should include 5 or 6 age classes. In fact, Watkins (1999) analyzed krill from net tows in the same region and showed that the mean total lengths of age classes of Antarctic krill were similar to those in this study and at the tip of the Peninsula.
Thus Class 3 krill from Reid et al. (1999) will usually include at least 2 age classes, as does the dominant mode in biomass in the Palmer LTER region. However, the pattern does suggest that large shifts in krill population structure will be reflected in predator diets.
A life-history pattern of 3 to 4 weak year classes in a 5 to 6 yr cycle would not be successful in a short-lived crustacean. Antarctic krill may reproduce in their third summer (Cuzin-Roudy 1987b , Siegel & Loeb 1994 , but in this region they usually first reproduce in their fourth summer , which would make population recovery from a failure difficult if the cycle had only 1 strong year class. Assuming an instantaneous mortality rate of M = 1.0, Priddle et al. (1988) modeled the effect of a single year of recruitment failure on the population density and found that the population would be reduced to 36.6% of the stable level. Recovery would take 3 successive years to reach 96% of the normal level. In this study, both the recovery and decline responses are on shorter timescales than predicted by Priddle et al. (1988) . We documented a steep increase in population density after the first strong year class and a steep decrease in population density after the first failure or weak year class (Fig. 4) . The steep recovery may be partly due to the more than 10-fold variability in the reproductive output of Antarctic krill (Quetin & Ross 2001) , which was not known at the time of Priddle et al.'s (1988) model. Thus a strong reproductive year coupled with high survival could lead to the large increases in population density seen over a single year. The steep decline indicates that the assumption of an invariant instantaneous mortality rate might be incorrect, with mortality higher in AC2s and AC3s than in older year classes.
Scattered references to the presence of bimodal LFDs in young-of-the-year or of the presence of smaller than expected AC1s in summer exist. In several instances, the small AC1s in summer were found in association with perennial summer ice (Nast 1982 , Melnikov & Spiridonov 1996 , and their presence was linked to reproduction under the ice. In another instance, Siegel et al. (1990) suggested that the presence of 2 modes in the NW Weddell Sea was a result of the influx of 1 group from elsewhere. In this study, however, none of the stations were in areas of perennial ice, and immigration and emigration were thought to be minimal.
In the Palmer LTER region, evidence for 2 modes of AC1, the second one with a smaller mean total length than the more common single mode, was found in 3 yr. In all cases, 2 modes were resolved when a high proportion of AC1s was smaller than 18 mm, whether it was a strong year class or not. We suggest that a high proportion of small AC1s occurred when the reproductive season was prolonged, leading to a wide size range in AC1s. For YC1995, the bimodal year class was associated with a prolonged reproductive season when the oocyte development index was high, there was evidence of recycling in the ovary, and the percentage of post-spawn female krill was low (Table 4) . A slight delay in ovarian development during recycling could result in a hiatus between the first and second series of 3 spawning episodes, leading to 2 periods of intense spawning and 2 modes of AC1s. A similar prolonged reproductive season in 2001 is likely the source of the bimodal AC1s for YC2001. The most likely explanation for 2 modes in YC1999 as AC1s lies not in recycling, but in the very low development rate of the ovary (Quetin & Ross 2001 ) and the lack of recycling (Table 4) . A prolonged spawning season due to slow ovarian development may have led to the large size range of AC1s in 00Jan and thus the 2 modes. Thus a prolonged reproductive season would result from either optimal energy input for the female, with early spawning and recycling, or poor energy input for the female and thus slow and varied ovarian development spread out over a long season. The rapid growth usually seen in the second spring/summer will tend to merge the 2 modes, leading to a single mode found as later year classes.
For most long-lived pelagic species for which we have a time series of this length, recruitment has been 194   Table 4 . Euphausia superba. Reproductive characteristics in the Palmer LTER region from 1993 to 1999, as published in Quetin & Ross (2001) . The oocyte development index represents the rate of oocyte development during yolk accumulation. Average percentage from entire sampling area of actively spawning and post-spawning females. Presence of Stage 8 continuing females (i.e. 1 cycle completed, young oocytes ready to repeat cycle) was taken as evidence of recycling. The season can be characterized as delayed (i.e. spawning initiated late in season), nearing completion, or ongoing. The 1999 season appeared to be a season with a mixture, suggesting a prolonged season of low-intensity spawning shown to be highly variable (Mearns 1979 , Morison et al. 1998 , Allain et al. 2001 , Ottersen & Stenseth 2001 . But rarely is the pattern as strong and repeated as shown for Antarctic krill in the Palmer LTER region. Although observations of cyclic recruitment in invertebrates are not common, Dayton (1989) has shown episodic recruitment in an Antarctic sponge and Drobysheva (1994) (as cited in Siegel 2000b) in an euphausiid in the Barents Sea. Drobysheva (1987 Drobysheva ( , 1994 suggested that an observed 2 to 3 yr cycle in the recruitment of Thysanoëssa inermis, reflected in the euphausiid density, was due to the effects of water temperature on the AC0s. Episodic recruitment in marine fishes is common and often linked to specific oceanic conditions of temperature or visibility (Mearns 1979) . Usually the alternation of strong and weak year classes is linked indirectly to meteorological conditions through the effect of wind and temperature on foodweb dynamics and larval survival (Allain et al. 2001 , Ottersen & Stenseth 2001 . In one recent study of recruitment in cod in the Barents Sea, the authors examined Barents Sea temperature, the North Atlantic Oscillation and cod recruitment (Ottersen & Stenseth 2001) , and they suggested a mechanism linking largescale atmospheric forcing to cod recruitment through changes in ocean temperature and food availability. We suggest that an analogous mechanism occurs west of the Antarctic Peninsula, where the ENSO cycle is linked to recruitment in Antarctic krill through seasonal sea-ice dynamics. Antarctic krill have often been described as having many of the characteristics of a small fish, such as anchovy or sardine (Hamner et al. 1983) , and their recruitment patterns may be another 'small-fish-like' characteristic. The strong teleconnection between the ENSO cycle in the tropical Pacific and climate in both the Bellingshausen Sea and the region west of the Antarctic Peninsula has been well established , Kwok & Comiso 2002 . Multiple investigators (Stammerjohn & Smith 1996 , Yuan & Martinson 2000 , Kwok & Comiso 2002 have shown that a considerable proportion of the variability in seasonal sea-ice dynamics in that region is linked to tropical climate variability. The effect of sea ice on recruitment in Antarctic krill is mediated through its effect on food availability in austral spring and winter. First, the annual advance and retreat of the pack ice is a major determinant of the spring and summer phytoplankton distribution and productivity (Smith et al. , 1998 . Second, the microbial community living within and on the sea ice in winter and early spring appears to be a critical source of food for larval krill in winter .
The index of recruitment success reflects both reproductive output and winter-over larval survival. We have simultaneous measures of recruitment success and reproductive output, one of the major determinants of recruitment success, but not of larval survival. Thus distinguishing the relative importance of these 2 processes on recruitment success is difficult. Reproductive output and winter-over survival of larval krill have been linked to seasonal sea-ice dynamics, both in the Palmer LTER study region (Ross & Quetin 1991 , Quetin & Ross 2001 and in the Antarctic Marine Living Resources (AMLR) study region at the tip of the Antarctic Peninsula (Siegel & Loeb 1995 , Loeb et al. 1997 . In a previous paper, we discussed the linkage between sea-ice dynamics and reproductive output in Antarctic krill in the Palmer LTER region. Analysis of multiple aspects of the reproductive cycle in Antarctic krill in a 7 yr time series (1993) (1994) (1995) (1996) (1997) (1998) (1999) suggested that conditions for reproductive output were optimal when both timing of spring retreat and sea-ice extent were close to the long-term mean (climatology) (Quetin & Ross 2001 ). Below, we explore possible relationships between R 1 and sea-ice conditions in the fall, winter and spring following spawning, the time associated with larval survival, to see if particular patterns of sea-ice dynamics fostered high recruitment. Sea-ice data for the Palmer LTER region were derived from multi-frequency passive microwave satellite data supplied by the National Snow and Ice Data Center and analyzed by and R. C. Smith & S. E. Stammerjohn (2001, pers. comm.; for 2000 and early 2001) with the NASA Team algorithm. Sea-ice extent was defined as the area enclosed by the 15% ice concentration contour, as in previous studies (Zwally et al. 1983) .
In contrast to the analysis of Siegel & Loeb (1995) with data from the tip of the Antarctic Peninsula, in the Palmer LTER region, correlations among the recruitment index and various parameters representing seasonal sea-ice dynamics suggested that extreme conditions were neither necessary nor sufficient for high recruitment success. For example, the r 2 of regressions between R 1 and either maximum extent or maximum area in late winter (September) were < 0.12. In addition, although timing of maximum area appeared to be an important factor, as recruitment success was only high when the maximum area occurred in August, neither the magnitude of the maximum area nor the timing of retreat were generally critical.
However, specific patterns in the advance and retreat of seasonal sea ice, as shown in and , were associated with poor, moderate or high recruitment success. For years in which recruitment success is poor, either there was an early retreat or advance was late with a less than average spring extent. Generally the short period of maximum ice extent in this region peaks in August or September (Stammerjohn & Smith 1996) . Moderate recruitment was also associated with average timing for advance and slightly-below-average late spring sea ice. Highest recruitment occurred when sea ice advanced by June and was average or close to average through December. Advance by early winter and duration into the spring appeared to be key to recruitment success.
Based on these observations, we plotted R 1 versus the timing of advance (Fig. 6A) , the duration of sea-ice extent (Fig. 6B) , and the ratio of area to extent in August (Fig. 6C) . Timing of advance was defined as the month prior to sea-ice area extending above the long-term mean or climatology. The definition of duration incorporated the extent to which the pattern of sea-ice coverage of the krill habitat in a particular year conformed to the climatology. Duration was defined as the number of months when sea-ice extent was at least 90% of the climatology for each month for the entire Palmer LTER region that ranges from Livingston Island to south of Marguerite Bay west of the Antarctic Peninsula. In the Palmer LTER study region, the 90% of the climatology of sea-ice extent in August, the month of maximum coverage, covers the entire summer sampling region. The underlying concept was that survival of larval krill would be enhanced if the sea-ice microbial community supplied an alternative food source in the winter habitat for a sufficient period. The winter habitat should be the habitat of the population of krill studied, e.g. on the shelf between Anvers and Adelaide Islands, not the larger Palmer LTER area as used in the analysis of Stammerjohn & Smith (1996) . From the patterns of sea-ice advance and retreat, high recruitment success occurred in years when the seaice extent was near average during the entire fall, winter and early spring -all periods of time when food in the water column could be low. The presence of sea ice and its associated food solely in the winter months did not enhance recruitment. The ratio of sea-ice area to sea-ice extent was proposed as a possible index of habitat type. Larval krill are primarily found coupled to the ice in winter, usually with over-rafted and not fast, pancake, or smooth young ice , Frazer et al. 1997 . Low area/extent ratios imply low percentage cover, diffuse ice, and/or very young ice (ratios closer to 0.4). Higher ratios (0.7 to 1.0) found in winter and early spring are indicative of a high percentage cover and imply that the sea ice is a wellestablished, over-rafted and better krill habitat.
Timing and duration did influence recruitment success, but neither alone explained the variability (Fig. 6) . In general an early advance, i.e. May, was necessary for high recruitment, and if the advance was delayed until July or August the year class strength was very low (Fig. 6A) . But in 2 years, the YC1992 failure and the YC2001 success, we observed the reverse (open circles in Fig. 6A ). Duration accounted for more of the variability (Fig. 6B) , with a sigmoidal function (corrected r 2 = 0.86 without YC1996, 0.66 with YC1996) describing the relationship between R 1 and duration. This appears to be a threshold effect. If sea-ice extent followed the mean (or was more extensive) for at least 6 mo of the fall/winter/spring period the year class was strong. A similar fit of R 1 and sea-ice area data was not as good. In addition, although a well-developed pack ice environment (> 0.7) was present in August in all years when recruitment success was high, there were also years in which the habitat in August was not a sufficient predictor of recruitment success.
Although in general sea ice advance by May and 6 mo of near mean sea ice extent led to recruitment success, we also learn about the processes involved in recruitment from the exceptions to this rule. For example, although sea ice advanced very early for YC1992, there was also an early retreat (July). If the microbial community living in the sea ice was the major food source during the late winter and early spring, this early retreat might lead to starvation for the young-ofthe-year and low recruitment success. The timing and duration of spring and summer open-water blooms then become critical. Conversely, the recruitment index for YC1996 was higher than would have been predicted from any of the sea-ice parameters assumed to influence larval survivorship. However, in the summer of 1996, we saw the highest proportion of females reproducing, the largest number of embryos per female, and evidence of recycling or more spawning episodes per female (Quetin & Ross 2001) . All these factors combine to create large numbers of potential recruits, so even if mortality over the winter was high the number of survivors might still be high, as observed. Thus for 1 of the 4 high recruitment years the characteristics of the spawning season appear to be critical for high recruitment. At this juncture, we do not have a long enough simultaneous time series of the multiple factors impacting recruitment success to clearly identify the relative importance of reproductive output and winter-over larval survival in the final strength of the year class. However, the present study is the first step toward understanding the relative importance of the various processes impacting recruitment success.
The differences in the relationships found between R 1 and reproduction and seasonal sea-ice dynamics between the Palmer LTER region (this study) and the region 450 km to the north at the tip of the Antarctic Peninsula (Siegel & Loeb 1995 , Siegel et al. 1998 may help our understanding of how the ecosystem functions. One potential explanation is that a latitudinal gradient exists in the interaction of the life cycle of Antarctic krill with seasonal sea-ice dynamics. We assume that larval survival in winter is enhanced by the presence of sea ice and its associated microbial community. However, conditions leading to larval habitat being covered with sea ice during the time of low food availability in the water column are different depending on location. Unlike at the tip of the Peninsula, in the Palmer LTER region, maximum sea-ice extent does not appear to be necessary for high larval survival. Nearly all (90 to 100%) of the region between Anvers and Adelaide Islands is covered for 4 to 6 mo when the sea-ice cycle is close to the 22 yr mean. Extreme sea-ice conditions are not necessary to provide good winter habitat for larval krill. If Antarctic krill at the tip of the Peninsula require maximum extremes in sea-ice conditions for strong year classes, the implication is that they are living near the end of their distributional range for successful reproduction. As a logical consequence, Antarctic krill populations further south would require the minimum extremes for successful reproduction and larval survival. Thus the interaction between the timing and extent of the seasonal sea-ice dynamics, the location of the larval habitat, and the timing of the life cycle of Antarctic krill may lead to different parameters in the seasonal seaice cycle being correlated with high recruitment success. The interactions are complex, and multiple time series from different locations will be necessary to fully understand the mechanisms underlying the link between sea ice and recruitment success.
The original Palmer LTER hypothesis on the linkage between sea-ice dynamics and krill recruitment focused on maximum extent and area . This hypothesis is being modified in light of these results and the recent analysis of Quetin & Ross (2001) on factors influencing reproductive output. In both studies timing and duration of coverage of the habitat appeared to have greater effects than extreme conditions, and average sea-ice dynamics or the climatology were linked to optimal conditions. In addition, looking at a restricted period of time, i.e. winter, was not as illuminating as incorporating conditions in all seasons. Year class strength in Antarctic krill is a function of multiple processes over multiple seasons, and thus it is not surprising to find that climate conditions during the entire time or perhaps the cumulative effects of climate during that time span were significant. The implication of these results is that the krill life cycle in the Palmer LTER region is synchronized with the mean annual cycle of ice dynamics. Deviations from long-term mean conditions in the timing, duration and extent of sea ice will affect krill recruitment success, and depending on the direction of the deviation either reproductive output and/or larval survival will be affected. Given the present warming trend and its effect on sea-ice dynamics west of the Antarctic Peninsula, and the non-linear response of krill recruitment to seasonal sea-ice dynamics, at some point in the future, we would expect the recruitment cycle in the Palmer LTER region to be negatively impacted. We cannot evaluate the ecological impact of variation in the seaice cycle without an understanding of how the timing and magnitude of seasonal sea-ice coverage interfaces with the life cycle of interest.
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